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Airway epithelium is constantly presented with injurious signals, yet under healthy circumstances, the epithelium maintains its
innate immune barrier and mucociliary elevator function. This suggests that airway epithelium has regenerative potential (I.
R. Telford and C. F. Bridgman, 1990). In practice, however, airway regeneration is problematic because of slow turnover and
dediﬀerentiation of epithelium thereby hindering regeneration and increasing time necessary for full maturation and function.
Based on the anatomy and biology of the airway epithelium, a variety of tissue engineering tools available could be utilized to
overcome the barriers currently seen in airway epithelial generation. This paper describes the structure, function, and repair
mechanisms in native epithelium and highlights speciﬁc and manipulatable tissue engineering signals that could be of great use in
the creation of artiﬁcial airway epithelium.
1. Structure and Function of
AirwayEpitheliuminthe AirwayTract
The airway tract can be divided in two zones: the condi-
tioning zone in which the inhaled air is cleaned, moistened,
and transported to the distal part of the airways and the
respiratory zone where the blood is oxygenated. The condi-
tioning zone consists of the nasal cavities, pharynx, larynx,
trachea, bronchi, and large and terminal bronchioles, and
the respiratory zone of respiratory bronchioles and alveolar
duct and sac [1]. A layer of epithelium lines the interior of
the airway tract. Through most of the conditioning zone,
the airways are lined with epithelium containing various
cell types: ciliated, goblet, brush, and basal cells [2]. All
cells are in contact with the basement membrane; however,
basal cells do not reach the airway lumen. This organization,
calledpseudostratiﬁed,givestheimpressionofamultilayered
tissue.
The main cell types of the airway epithelium are the
ciliated, goblet, and basal cells. Goblet cells secrete mucus to
the airway lumen. This mucus lubricates the apical surface
of the epithelial layer, moistens the inhaled air, helps to trap
potential harmful foreign particles from the environment,
and can absorb harmful gases such as ozone [1, 4]. Ciliated
cells have specialized organelles called motile cilia, which can
be found as clusters of 100–300 motile cilia on the apical
surface. The cilia have motor proteins that allow them to
beat in coordinated waves allowing the movement of mucus
and foreign particles toward the throat [4, 5]. Basal cells
have been categorized as epithelium-resident stem cells and,
therefore,theirfunctionistomaintainthehomeostasisofthe
normal epithelium after an injury or during tissue renewal
[6, 7]. Brush cells are characterized by microvilli in the
apical cell surface and although their function has not been
completely deﬁned, recent evidence suggests that these cells
are chemosensory cells that sense bitter compounds in the
airway lining ﬂuid [8].
At the end of the conditional zone (i.e., the last branches
of bronchi and the bronchioles), the epithelium changes
from pseudostratiﬁed to a simple cuboidal epithelium.2 Journal of Biomedicine and Biotechnology
Ciliated, goblet, and basal cells are gradually reduced, and
nonciliated cells called Clara cells increase in number [1,
9]. Clara cells are dome-shaped cells that protrude into
the airway lumen [9]. They are multifunctional cells that
secrete proteins such as CCSP, mucins, and antimicrobial
peptides into the airway lumen and act as progenitor cells
repopulating ciliated cells [7, 10]. In the respiratory zone,
the epithelium becomes thinner and changes from simple
cuboidal epithelium in the respiratory bronchiole to simple
squamous in the alveolar ducts and sacs [1]. The alveolar
ducts and sacs are lined by an epithelium composed of two
specialized cells: type I and type II alveolar cells, which will
not be discussed further.
The airway epithelium is constantly exposed to the
environmentanddangerouspathogens.Therefore,aprimary
role of the epithelium is as a protective barrier. The epithelial
surface is covered by a layer of airway surface liquid (ASL),
mainlyproducedbytheepithelialcells.TheASLiscomposed
of a mucus layer overlying a watery periciliary liquid (PCL)
layer [11]. In the mucus layer, the pathogens are trapped,
killed, and removed by the beating cilia, a process known
as mucociliary clearance [2]. The mucus layer is mainly
composed of mucin glycoproteins that are important for the
mucus structure. In humans, there are two major forms of
mucins: MUC5AC and MUC5B, which are mainly produced
by goblet cells and submucosal glands, respectively [12,
13]. The speciﬁc role of the mucins in the host response
defense is not completely clear, but it is believed that they
are involved in the response to infection, inﬂammation,
and the presence of foreign particles [12, 13]. The PCL
surrounds cilia providing hydration and facilitating mucus
transport and clearance [14]. Epithelial cells maintain ASL
composition and volume through secretion of Cl− ions and
the absorption of Na+ ions [15].
In addition to promoting the airway luminal clearance,
epithelial cells also initiate host defense mechanisms, form-
ing a ﬁrst line of protection against pathogens. Airway
epithelial cells recognize pathogens through speciﬁc recep-
tors such as Toll-like receptors and RIG-I-like receptors [16]
and secrete defense molecules such as mucins, antimicrobial
peptides (AMPs), reactive oxygen species (ROS) [16], antivi-
rals such as interferon-β (IFN-β), and proinﬂammatory such
as tumor necrosis factor (TNF) and interleukin-1 (IL-1)
[17, 18].
2.EpithelialRepair
A variety of factors and stimuli can cause damage to the
airway epithelium. As cells within the airway have a low rate
of turnover, normal maintenance is provided by a subset of
slowly renewing progenitor cells [19]. However, due to its
role in providing a barrier to protect against environmental
exposure, rapid and eﬀective repair of the epithelium after
injury is vital. This repair can be divided into three stages:
dediﬀerentiation, proliferation, and diﬀerentiation [20].
Alterations to the normal repair process have been suggested
as a cause for multiple airway diseases.
After injury, deepithelialization occurs via epithelial
shedding, exposing the basal membrane, and triggering
neighboring cells to dediﬀerentiate [21]. Repair begins
immediately and occurs via migration and spreading of cells
adjacent to the wound edge [21–23] .T h i sp r o c e s ss e r v e sa sa
temporary “patch” to provide a cell barrier quickly and eﬃ-
ciently. The migrating cells are also responsible for secreting
matrix components that stimulate further migration and act
asascaﬀoldforthecellstobuildon.Oncecellshavemigrated
into the wound site, they begin proliferating to fully close
the wound [23]. Full barrier function is restored only after
the formation of a squamous metaplastic epithelium which
eventually gives rise to a pseudostratiﬁed epithelium [24].
Dediﬀerentiation of the epithelial cells results in a
ﬂattened cell with a more mesenchymal phenotype capable
of rapid migration [25]. Cell migration to cover the defect
occursthrough a combination of extracellularmatrix (ECM)
production and secretion of cytokines by both the remaining
epithelial cells and the bronchial wall ﬁbroblasts [26–28].
By the release of ECM components such as ﬁbronectin and
collagen IV, epithelial cells are able to self-regulate their rate
of migration to eventually ﬁll the defect. Fibronectin not
only provides an adhesive platform for the cells, but it has
also been shown in vitro and in vivo to be a key regulator
of directional migration of bronchial epithelial cells [23]. As
the cells migrate, the secretion of matrix metalloproteinases
(MMPs)isnecessarytoallowforthereleaseoffocaladhesion
sites at the rear of the cell [24]. MMP-9, in particular, is
secreted by multiple cell types, including basal and epithelial
cells after wounding. Blocking MMP-9 causes a decrease
in the rate of cell migration [29]. In small mammals, the
migration phase lasts about 8–15 hours, after which the
wound is covered with a layer of ﬂattened dediﬀerentiated
cells [22, 23, 30].
In the ﬁrst few hours after cell migration, an increase
in proliferation occurs mainly at the region adjacent to
wound edge, ﬁlling the voids left by the migrating cells
[23]. Proliferation is mediated by factors secreted by a
combinationofresidentcellsandinﬁltratingleukocytes[22].
Of the many soluble factors, member of the epidermal
growth factor (EGF) and transforming growth factor (TGF)
families have been found to have a profound eﬀect on the
rate of repair [31]. Cell proliferation is a highly organized
event that lasts for days to weeks depending on the size of
injury[28].Thisprocesspeaksbetween24and48hoursafter
injury in mouse models [23, 30] and takes even longer in
humans [32]. Heguy et al. [32] examined injury caused by
airway brushings. They found that by 7 days after injury,
most of upregulated genes were late-stage cell cycle genes
involved in G2 and M phase, showing that proliferation is
very synchronized. By 14 days, these genes were back to
normal levels [32].
The ﬁnal stage in epithelial repair is the rediﬀerentiation
of the cells and restoration of full function [19]. Whilst the
exact mechanisms controlling cell fate are not clear, it is a
highly complex process that ensures the correct number of
each cell type is formed [33]. Both multiple paracrine factors
and cell-cell contact are likely required for correct cell dif-
ferentiation. Transcription factors such as β-catenin, Foxa1,
Foxa2, Foxj1, and Sox proteins are upregulated during repair
of murine airway after naphthalene injury. These factors areJournal of Biomedicine and Biotechnology 3
also expressed during embryonic lung development and are
thought to have a role in the rediﬀerentiation of ciliated cells
during the repair process [34].
As with other epithelial tissues, repair is also mediated by
apopulationofstemorprogenitorcells.Duetothecomplex-
ity of the pulmonary organ, it is thought that multiple stem
cell niches exist, each one containing a population of cells
capable of regenerating particular cell types [35]. Work by
Giangreco et al. [36] has suggested that resident progenitor
cells are required for normal tissue maintenance. As the lung
is a slowly renewing tissue, there is no requirement for highly
proliferative progenitor cells. In the case of acute injury,
activation of these progenitor populations is enough to elicit
repair [19, 36, 37]. However, when more widespread injury
occurs, depletion of the resident progenitor cells can result in
the activation of stem cells [36]. Recently, putative stem cell
populations have been identiﬁed in human lung, suggesting
that even a multipotent stem cell might be involved in airway
repair after injury [38]. In addition to the stem cell in the
lung, it is also clear that bone marrow-derived cells (BMCs)
can traﬃc into injured lungs, aid in repair, and reduce
inﬂammation [39, 40].
3.EngineeringApproachesto
Control EpithelialRegeneration and Repair
Tissue engineering (TE) strategies oﬀer another option to
promote and accelerate macroscopic and microscopic epi-
thelial repair by controlling cell organization using chemical
and mechanical signals. Applying TE strategies to organize
airway cells into speciﬁc and controlled structures will also
improve the performance of these cells as an in vitro model
of epithelial tissue.
The gold standard for the repeatable manufacture of
adult airway epithelium in vitro is transwell culture [41,
42]. Transwell culture is based on two-compartment cul-
ture where primary airway epithelial cells are seeded on
porous, collagen-coated membranes in liquid culture. After
reaching conﬂuence, liquid from the top compartment is
removed leaving the epithelial sheet exposed to air. This is
knownasair-liquid-interface(ALI)culture.Overatwo-week
maturation period, epithelial cells form motile cilia at the
apical surface signifying apical-basal polarization. However,
transwellculturedoesnotcreatecorrectlyalignedepithelium
with coordinated beating of motile cilia [43, 44]. A myriad of
TE tools exist to direct cell organization. These tools, when
adapted for epithelial TE, may prove useful for generating
more appropriate cell organization and ciliary alignment in
in vitro epithelium.
It is well known that cells are instructed by and modify
the materials they grow on over time. Regulating these
instructive signals over time and space is a key challenge of
TE. A wide variety of tools have been developed to study
the eﬀect of diﬀerent chemical and mechanical signals on
cell behavior. Most TE tools, however, have been developed
for endothelial, muscle, and nerve cells. These cell types do
not polarize in an apical-basal fashion and are grown on
solid culture substrates. We speculate that little work has
been reported using these tools to organize epithelium due
to the necessity of special culture conditions required to
produce a functional epithelium. To apply TE strategies to
align structural components of epithelial cells, it is necessary
to adapt existing methods for use on the porous membrane
of a transwell plate that allows nutrient diﬀusion to the
apical surface of the cells. Here, we describe some tools that
are currently used in TE which have the potential to be
relevant and useful for engineering epithelium if adapted
appropriately. These tools can be classiﬁed based on the
signal type, and method presented. As seen in Figure 1,w e
will focus this paper on chemical and mechanical signal
types. Chemical signals can be presented in a mobile or
immobilized state, while mechanical forces can be presented
in a constant or inducible fashion.
Chemical signals can be immobilized on biomaterial
scaﬀolds in a graded fashion to guide cell movement
and organization (Figure 1(a)), [45]. For example, using
an immobilized concentration gradient of NGF and NT-3
on a poly(2-hydroxyethyl-methacrylate) and poly(L-lysine),
Moore et al. were able to guide neurite outgrowth of primary
neurons [46]. The eﬀect of utilizing two growth factors
together was shown to increase the biological response in
chick neural cells. This approach has been used to success-
fully guide the behavior of ﬁbroblasts [47], endothelial cells
[48,49],osteocytes[50],andhumanmesenchymalstemcells
[51].
Immobilized chemical signals on biomaterials could
provide a useful tool for epithelial TE as multiple growth
factors acting together could promote more physiological
tissue proliferation, motility, and diﬀerentiation in an airway
epithelial model. In addition to gradients, patterns of
immobilized growth factors [52, 53] could also prove to be
of great use in epithelial TE. Although there has not yet been
work speciﬁcally on epithelium, it appears likely that airway
epithelial maturation could be controlled by generating
immobilized, through covalent bonding of growth factor to
as u b s t r a t e ,( Figure 2(a)). The various growth factors would
conceivably interact with the immature epithelium to drive
diﬀerentiation to speciﬁc epithelial cell types in a repeatable
fashionbasedontheorganizationoftheimmobilizedgrowth
factors. Another use of immobilized chemical signals on
as c a ﬀold is to drive cells down a speciﬁc diﬀerentiation
pathway. A single growth factor on a scaﬀold to multiple
growth factors on solid substrates has been shown to
modulate oligodendrocyte diﬀerentiation [45]a n ds t e mc e l l
fate[54].Thisapproachofpresentingachemicalsignalusing
a biomaterial to guide diﬀerentiation is conceivably useful in
epithelial TE as certain diﬀerentiation pathways leading to
speciﬁc lineages could be developed as a model, or a graft of
distinct areas of airway epithelium.
While the above techniques have been developed for
surface culture, encapsulation of cells within a hydrogel
presents an opportunity for cells to be delivered to necessary
sites both in vitro and in vivo within a chemically deﬁned
3D environment. Hydrogels can present diﬀerent chemical
groups and can be bio- or nondegradable over time. Guiding
cells using immobilized chemical signals in deﬁned 3D
environments within hydrogel scaﬀolds has been seen to
have great value in treating retinal degenerative diseases4 Journal of Biomedicine and Biotechnology
Figure 1: Examples of the tools of tissue engineering. Tools that manipulate the timing and appearance of chemical and mechanical signals
oﬀer opportunities to organize and direct the diﬀerentiation of developing tissue. Chemical signals can be immobilized, (a) in the form of
covalently bonded growth factors that direct cell migration, or mobile in a hydrogel, (b) to create a chemotactic signal, through diﬀusion,
for cells to respond to. Mechanical signals can be presented as a constant force, such as substrate stiﬀness, (c) to modulate cell spreading or
as an inducible force, (d) such as shear ﬂow, to organize cells in the direction parallel to ﬂow.
[55] and spinal cord injuries [56]. While the majority of
hydrogels with immobilized signals has been developed for
nonepithelial cells, some materials for epithelial applications
are already available. To create an oral mucosa equivalent,
Kinikoglu and others developed a coculture system on a
scaﬀold that presented speciﬁc chemical properties [57].
Fibroblasts and oral epithelial cells were seeded on this
scaﬀold to create stratiﬁed and diﬀerentiated epithelium-like
oral mucosa. In a reﬁnement of their research, Kinikoglu and
colleagues used recombinant DNA technology to develop
an epithelial TE tool that presented the RGD peptide
sequence within a biocompatible polymer that was then
electrospun onto elastin and collagen foam, thereby creating
a 3D coculture system of ﬁbroblasts and oral epithelium on
scaﬀolding that presented a static chemical signal to promote
speciﬁc types of integrin binding [58].While these tools were
developed for oral epithelium, their adaptation to air-liquid-
interface culture would involve a transfer to 2D patterning
technologies to be useful to airway epithelial maturation.
Javaherian and colleagues created [59]a n da d a p t e d
[60] a fast and facile 2D technique for patterning multiple
epithelial cell populations into a speciﬁc organization. This
allowed use in a permeable support culture system while still
allowing the development of normal polarized epithelium.
This technique could conceivably be adapted to expose
airway epithelium to various patterned growth factors to
study the eﬀect on diﬀerentiation with the goal of ﬁnding
the correct growth factor pattern necessary for in vivo-like
epithelial morphogenesis.
Others in the ﬁeld of lung tissue engineering have looked
at the eﬀect of polymer chemistry on epithelial maturation.
Lin and colleagues studied the eﬃcacy of polyglycolic acid
(PLGA) as a hydrogel matrix for lung tissue engineering
[61], while Cortiella and colleagues did a comparative study
of PLGA and Pluronic F-127 (PF-127) hydrogel constructs
impregnated with lung cell progenitors [62]. Both found
evidence that suggested that PLGA would be an excellent
lung matrix substitute in vitro. T h ec o n s t r u c tw a sc a p a b l eJournal of Biomedicine and Biotechnology 5
Figure 2: Specialized exemplar tools of epithelial tissue engineering. Chemical signals can be presented as immobilized growth factors (a)
that promote diﬀerentiation of airway basal cells to speciﬁc cell types in a pattern that is reminiscent of in vivo airway epithelium, or (b) a
mobilechemokinegradientofCXCL12thatpromotesairwayepitheliumpolarityinthepresenceofWnt5a,basedontheworkofWitzeetal.,
2008 [68]. Mechanical signals can be presented as a constant force that organizes epithelial cells cultured on nanogrooved and ﬂat substrates
(c) based on the work of Texeira et al., 2003 [90], or as a reversible force that mimics the transluminal pressure gradient applied to airway
epithelium during normal tidal breathing to modulate ciliary beat frequency [3].
of producing speciﬁc airway epithelial proteins: Clara cell
protein 10 and cytokeratins; however, in vivo, these con-
structsinduced potent inﬂammatory reactionsthatinhibited
appropriate epithelial morphogenesis. These results lead
to the conclusion that selection of the polymer based on
chemistry is very important to creating functional tissue.
This shows that while PLGA and PF-127 are not ideal
for epithelial morphogenesis, a polymer with the correct
chemicalpatterning wouldfacilitatemorephysiologic airway
epithelial diﬀerentiation and maturation.
Chemical signals in TE can also be presented to the
cell in the form of diﬀusible, mobile, and chemical signals
released from a material or scaﬀold (Figure 1(b)). In a classic
example, Richardson and colleagues developed a polymeric
system for dual growth factor delivery that leads to diﬀeren-
tial release kinetics of growth factors and altered the timing
of the chemical signals [63]. The diﬀusible chemical signals
directed endothelial cell migration to generate vascularized
tissues. Single growth factor delivery systems have shown
great utility in promoting diﬀerentiation and maturation of
embryoid bodies [64], adipose-derived stem cells [65], and
angiogenesis [65, 66]. More complex systems of sequential
and combinatorial delivery of growth factors on cell-laden
scaﬀolds have been developed for ﬁbroblast culture [67].6 Journal of Biomedicine and Biotechnology
These growth factor delivery systems could be relevant
in epithelial TE epithelium as altering the presentation
of a single or a combination of growth factors could be
used to discern more elegant and physiologically relevant
spatiotemporal eﬀects on epithelial developmental processes
as well as increasing cell viability and engraftment in in
vivomodels. In particular, organization of airway epithelium
could be controlled by generating gradients of growth
factors. Wiltze and colleagues described using a chemical
gradient (CXCL12) to create polarized structures in response
to Wnt5a in a melanoma cell line [68]. This technique to
create polarized structures could conceivably be adapted
to create organized-ciliated airway epithelium if cells were
exposed to a similar gradient of CXCL12 (Figure 2(b)).
While the eﬀect of growth factor gradients and patterns
on epithelial morphogenesis has not been studied, the
manipulation of mucociliary clearance by altering chemical
signals present in the maturing epithelium is well docu-
mented [69–76]. For instance, it is well known that bitter
compounds, such as the metabolites of resident bacteria
found in cystic ﬁbrosis patients, promote increased mucocil-
iary beating [72]. Increased calcium and zinc ions increase
the rate of mucociliary beating [75] as does serotonin in
the trachea in an acetylcholine-independent pathway. The
chemosensory nature of the epithelium could be exploited
through a chemotactic signal embedded in a hydrogel that
in a controlled fashion releases the signal that increases
mucociliary clearance and promotes a healthier, more clin-
ically relevant epithelium.
The use of chemical signals to organize and control
airwayepithelialmaturationanddiﬀerentiationisdependent
on integrating these signals into a transwell format while
maintaining the diﬀusion capabilities of the porous mem-
brane. Immobilized signals can be added to the membrane
through covalent modiﬁcation, to pattern the growth and
drive the diﬀerentiation of airway epithelial cells to create a
moreinvivoorganization.Mobilegradientscanbecreatedin
apermeablesupportthroughagrowth-factor-ladenhydrogel
that creates a chemotactic signal throughout the permeable
support and promote epithelial migration towards the signal
source. This growth-factor-laden hydrogel contained within
the permeable support system of a transwell would create
a device, which would be of great use in wound repair
studies.
In addition to chemical signals, mechanical signals can
be controlled in the cell environment to guide cell behavior.
Substrate stiﬀness is a well-studied example of a mechanical
signal that is presented in a constant manner, (Figure 1(c)).
Substrate stiﬀness can be utilized to manipulate cell mor-
phology and proliferation. The classic example is the seminal
work done by Pelham and Wang in 1997 [77]w h e r e
polyacrylamide gels of diﬀerent stiﬀness were created to
study the eﬀect stiﬀness has on various cell types. Their
work found that ﬁbroblasts cultured on more compliant
substrates spread less and became more motile. This model
was expanded upon by Discher et al. [78–81] and further
reﬁned to create a high-throughput technique to ascertain
the appropriate stiﬀness for speciﬁc cell types [82]. Examples
where substrate stiﬀness can be exploited to promote speciﬁc
tissue characteristics are in the heart [83] and mammary
epithelium [84]. Substrate stiﬀness modulation could be
used on airway epithelium to ascertain and exploit the
eﬀectofdiﬀerentstiﬀnessonorganization,proliferation,and
maturation to create a faster growing epithelial sheet that
diﬀerentiates to a speciﬁc mature cell type.
Another aspect of the environment that inﬂuences the
mechanical environment sensed by the cell is the local
surface topography. For example, grooves in substrates can
induce organization of cells in the direction of the grooves.
Topographic organization of cells has been used to modulate
the phenotype of osteoblasts [85], cardiomyocytes [86],
and ﬁbroblasts [87]. Nanogrooves speciﬁcally have been
used to organize epithelial cells in the direction of the
nanogrooves: MDCK [88, 89], human corneal epithelial cells
[90]( Figure 2(c)), and in human mesenchymal stem cells
[66]. Nanogroove topography could be used in a TE system
to organize airway epithelium along nanogrooves.
The mechanical environment sensed by cells can also
be modulated by the application of an inducible external
force. One of the most common examples of an inducible
mechanical force is shear ﬂow to induce cell alignment
(Figure 1(d)). Shear ﬂow has been shown to align cells in the
direction of ﬂow and to alter responses to biological signals
most clearly in endothelial cells [91–97]. The large body
of work using shear ﬂow to modulate endothelial cells has
looked at how ﬂow induced organization of endothelial cells
in the direction of ﬂow [91] and modiﬁed the inﬂammatory
response [92], for example. Examples of shear ﬂow used
to modulate epithelium are scant within the literature;
however, organized ependymal ciliary beating of the rat
brain ventricle epithelium in shear ﬂow conditions has been
studied [98]. Applying dynamic shear forces to developing
airway epithelium might be very useful to recapitulate
physiologicdevelopment.In utero fetalbreathingmovements
in amniotic ﬂuid and adult inspiration and expiration of
air are both examples of shear ﬂow that could induce the
maturation of airway epithelium.
In vivo, there are two main dynamic mechanical forces
exerted on the airway epithelium: airﬂow-induced shear
stressandtransepithelialpressure[71].Tarranandcolleagues
have developed two tools to deliver regulatable mechanical
forces to the airway epithelium: an oscillatory rotational
shear stress-inducing device which mimics inhalation and
expiration stresses [69] and a compressive stress device that
applies transepithelial pressure gradients [3]( Figure 2(d)).
Mature human airway epithelium is most sensitive to
mechanical stress within physiologically relevant boundaries
[3, 69]. A tissue engineering device can be envisioned that
combines airﬂow and transepithelial forces. In response to
slight increases in shear stress and transepithelial pressure,
mucociliary clearance increases. This property could be used
to ensure that newly created airway epithelium is kept free of
foreign bodies. Huh and colleagues utilized the mechanical
stretching that occurs as transepithelial pressure ﬂuctuates to
createalung-on-a-chipdevicethatreconstitutestheinterface
and physiological activity between vascular endothelium and
airway epithelium [99].Journal of Biomedicine and Biotechnology 7
4. SignalCombinations and
DynamicPresentation
TE often involves combinations of mechanical and chemical
signals in a coordinated fashion controlled over space and
time. An example of controlling mechanical and chemical
factors over space and time comes from the work of Sato and
his colleagues [100, 101]. Building on their use of a synthetic
scaﬀold with a collagen extracellular matrix lumen, they
improved their airway prosthesis design by coating luminal
collagen with a biodegradable polymer to delay collagen
exposure for 10–20 days to allow for graft maturation and
more complete epithelialization. Thus, by altering the timing
of the exposure of their collagen lumen, they were successful
in creating a more functional bronchial graft. However,
incomplete epithelialization of the construct occurred which
could lead to complications after transplantation such as
graft-host anastomotic leaking, dehiscence, and stenosis.
These results suggest that while TE strategies are utilized to
control the timing and patterning of speciﬁc signals, better
technologies are still required to achieve more clinically
reliable constructs.
Controlling chemical and mechanical factors in a spa-
tiotemporal manner often requires the use of a bioreactor to
allow careful maturation of the engineered tissue. Within the
bioreactor, chemical and mechanical signals are integrated
together to provide a truly manipulatable growth environ-
ment that can be altered over time as the tissue matures.
Oneofthehottestareasinengineeringairwayepithelium
is in the area of decellularizing whole organs and then
recellularizing them. The beneﬁts of such a TE system are
that the chemical and physical cues naturally present in
the decellularized ECM are available to inﬂuence the newly
seeded cells instructing them to more closely recapitulate the
native epithelial structure. Some examples are seen in decel-
lularized lungs [102–104] and tracheas [105]. The trachea as
a simpler organ architecturally has progressed into clinical
u s ei nah u m a ns u b j e c t[ 105]. While static cues are present in
decellularized scaﬀolds, maturing the tissue may still require
the presence of dynamic chemical and mechanical cues to
generate the desired tissue organization. Such cues could be
provided by maturing the seeded decellularized scaﬀolds in
a bioreactor. Based on control of various static and dynamic
chemicalandmechanicalsignals,decellularizedscaﬀoldswill
beneﬁt from bioreactor technologies.
5. Summary
Based on the anatomy and regenerative potential of the
pulmonary system, a variety of TE tools available could be
utilized to overcome the barriers currently seen in airway
tissue generation. Tools such as growth factor immobi-
lization and graded morphogen release have shown great
promise in epithelial and other model systems and could be
rapidly adapted to an airway epithelial context. Other tools
that manipulate substrate stiﬀness or topography could be
used to promote organized epitheliogenesis by controlling
proliferation and diﬀerentiation. Finally, bioreactors have
shown great potential in creating whole organ grafts that
could be used to study more physiologically relevant organ-
level responses in vitro or in transplantation scenarios.
References
[1] I. R. Telford and C. F. Bridgman, Introduction to Functional
Histology, Harper & Row, 1990.
[2] A. Tam, S. Wadsworth, D. Dorscheid, S. F.P. Man, and D.
D. Sin, “The airway epithelium: more than just a structural
barrier,” Therapeutic Advances in Respiratory Disease, vol. 5,
no. 4, pp. 255–273, 2011.
[3] B. Button, M. Picher, and R. C. Boucher, “Diﬀerential eﬀects
of cyclic and constant stress on ATP release and mucociliary
transport by human airway epithelia,” Journal of Physiology,
vol. 580, part 2, pp. 577–592, 2007.
[ 4 ]G .J .T o r t o r aa n dS .R .G r a b o w s k i ,Principles of Anatomy and
Physiology, HarperCollins College, 8th edition, 1996.
[5] R. Jain, J. Pan, J. A. Driscoll et al., “Temporal relationship
between primary and motile ciliogenesis in airway epithelial
cells,” American Journal of Respiratory Cell and Molecular
Biology, vol. 43, no. 6, pp. 731–739, 2010.
[ 6 ]J .R .R o c k ,S .H .R a n d e l l ,a n dB .L .M .H o g a n ,“ A i r w a yb a s a l
stem cells: a perspective on their roles in epithelial homeosta-
sis and remodeling,” Disease Models and Mechanisms, vol. 3,
no. 9-10, pp. 545–556, 2010.
[7] G. M. Roomans, “Tissue engineering and the use of
stem/progenitor cells for airway epithelium repair,” European
Cells & Materials, vol. 19, pp. 284–299, 2010.
[8] G. Krasteva, B. J. Canning, P. Hartmann et al., “Cholinergic
chemosensory cells in the trachea regulate breathing,” Pro-
ceedings of the National Academy of Sciences of the United
States of America, vol. 108, no. 23, pp. 9478–9483, 2011.
[9] N. A. Wright and M. Alison, The Biology of Epithelial Cell
Populations, Clarendon Press, Oxford University Press, 1984.
[10] S. D. Reynolds and A. M. Malkinson, “Clara cell: progenitor
for the bronchiolar epithelium,” International Journal of
Biochemistry and Cell Biology, vol. 42, no. 1, pp. 1–4, 2010.
[11] H. Matsui, S. H. Randell, S. W. Peretti, C. W. Davis, and R.
C. Boucher, “Coordinated clearance of periciliary liquid and
mucusfromairwaysurfaces,”JournalofClinicalInvestigation,
vol. 102, no. 6, pp. 1125–1131, 1998.
[12] D. J. Thornton, K. Rousseau, and M. A. McGuckin, “Struc-
ture and function of the polymeric mucins in airways
mucus,” Annual Review of Physiology, vol. 70, pp. 459–486,
2008.
[13] J.A.VoynowandB.K.Rubin,“Mucins,mucus,andsputum,”
Chest, vol. 135, no. 2, pp. 505–512, 2009.
[14] R. Tarran, “Regulation of airway surface liquid volume and
mucus transport by active ion transport,” Proceedings of the
American Thoracic Society, vol. 1, no. 1, pp. 42–46, 2004.
[15] J. H. Widdicome, “Lung biology in helth and disease,”
in The Airway Epithelium: physiology, Pathophysiology and
Pharmacology, C. Lenfant, Ed., vol. 55, chaper 2, pp. 41–63,
Marcel Dekker, 1991.
[16] J. H. Ryu, C. H. Kim, and J. H. Yoon, “Innate immune
responses of the airway epithelium,” Molecules and Cells, vol.
30, no. 3, pp. 173–183, 2010.
[17] R. Bals and P. S. Hiemstra, “Innate immunity in the lung:
how epithelial cells ﬁght against respiratory pathogens,” The
European Respiratory Journal, vol. 23, no. 2, pp. 327–333,
2004.8 Journal of Biomedicine and Biotechnology
[18] A. Kato and R. P. Schleimer, “Beyond inﬂammation: airway
epithelial cells are at the interface of innate and adaptive
immunity,” Current Opinion in Immunology, vol. 19, no. 6,
pp. 711–720, 2007.
[19] B. R. Stripp and S. D. Reynolds, “Maintenance and repair
of the bronchiolar epithelium,” Proceedings of the American
Thoracic Society, vol. 5, no. 3, pp. 328–333, 2008.
[20] T. Shimizu, M. Nishihara, S. Kawaguchi, and Y. Sakakura,
“Expression of phenotypic markers during regeneration
of rat tracheal epithelium following mechanical injury,”
American Journal of Respiratory Cell and Molecular Biology,
vol. 11, no. 1, pp. 85–94, 1994.
[21] J. S. Erjef¨ alt, M. Korsgren, M. C. Nilsson, F. Sundler, and
C. G. A. Persson, “Prompt epithelial damage and restitution
processes in allergen challenged guinea-pig trachea in vivo,”
Clinical and Experimental Allergy, vol. 27, no. 12, pp. 1458–
1470, 1997.
[22] J. S. Erjefalt, I. Erjefalt, F. Sundler, and C. G. A. Persson,
“In vivo restitution of airway epithelium,” Cell and Tissue
Research, vol. 281, no. 2, pp. 305–315, 1995.
[23] J. M. Zahm, H. Kaplan, A. L. H´ erard et al., “Cell migration
and proliferation during the in vitro wound repair of the
respiratory epithelium,” Cell Motility and the Cytoskeleton,
vol. 37, no. 1, pp. 33–43, 1997.
[24] C. Coraux, J. Roux, T. Jolly, and P. Birembaut, “Epithelial
cell-extracellular matrix interactions and stem cells in airway
epithelial regeneration,” Proceedings of the American Thoracic
Society, vol. 5, no. 6, pp. 689–694, 2008.
[25] A.C.Buisson,C.Gilles,M.Polette,J.M.Zahm,P.Birembaut,
and J. M. Tournier, “Wound repair-induced expression of
stromelysins is associated with the acquisition of a mes-
enchymal phenotype in human respiratory epithelial cells,”
Laboratory Investigation, vol. 74, no. 3, pp. 658–669, 1996.
[26] O. Sacco, M. Silvestri, F. Sabatini, R. Sale, A. C. Deﬁlippi,
and G. A. Rossi, “Epithelial cells and ﬁbroblasts: structural
repair and remodelling in the airways,” Paediatric Respiratory
Reviews, vol. 5, supplement A, pp. S35–S40, 2004.
[27] S. Shoji, K. A. Rickard, R. F. Ertl, J. Linder, and S. I. Rennard,
“Lung ﬁbroblasts produce chemotactic factors for bronchial
epithelial cells,” American Journal of Physiology, vol. 257, no.
2, part 1, pp. L71–L79, 1989.
[28] L. M. Crosby and C. M. Waters, “Epithelial repair mecha-
nisms in the lung,” American Journal of Physiology, vol. 298,
no. 6, pp. L715–L731, 2010.
[29] C.Legrand, C.Gilles, J. M.Zahmetal., “Airway epithelial cell
migrationdynamics:MMP-9roleincell-extracellularmatrix
remodeling,” Journal of Cell Biology, vol. 146, no. 2, pp. 517–
529, 1999.
[30] S. A. Tuck, D. Ramos-Barb´ on, H. Campbell, T. McGovern,
H. Karmouty-Quintana, and J. G. Martin, “Time course of
airway remodelling after an acute chlorine gas exposure in
mice,” Respiratory Research, vol. 9, p. 61, 2008.
[31] R. M. Ryan, M. M. Mineo-Kuhn, C. M. Kramer, and J. N.
Finkelstein, “Growth factors alter neonatal type II alveolar
epithelial cell proliferation,” American Journal of Physiology,
vol. 266, no. 1, part 1, pp. L17–L22, 1994.
[32] A. Heguy, B. G. Harvey, P. L. Leopold, I. Dolgalev, T.
Raman, and R. G. Crystal, “Responses of the human airway
epithelium transcriptome to in vivo injury,” Physiological
Genomics, vol. 29, no. 2, pp. 139–148, 2007.
[33] Y. Tesfaigzi, “Processes involved in the repair of injured
airway epithelia,” Archivum Immunologiae et Therapiae
Experimentalis, vol. 51, no. 5, pp. 283–288, 2003.
[34] K.S.P ark,J .M.W ells,A.M.Zornetal.,“T ransdiﬀerentiation
of ciliated cells during repair of the respiratory epithelium,”
American Journal of Respiratory Cell and Molecular Biology,
vol. 34, no. 2, pp. 151–157, 2006.
[35] X. Liu and J. F. Engelhardt, “The glandular stem/progenitor
cell niche in airway development and repair,” Proceedings of
the American Thoracic Society, vol. 5, no. 6, pp. 682–688,
2008.
[36] A. Giangreco, E. N. Arwert, I. R. Rosewell, J. Snyder, F. M.
Watt, and B. R. Stripp, “Stem cells are dispensable for lung
homeostasis but restore airways after injury,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 106, no. 23, pp. 9286–9291, 2009.
[37] E. L. Rawlins, T. Okubo, Y. Xue et al., “The role of scgb1a1+
clara cells in the long-term maintenance and repair of lung
airway, but not alveolar, epithelium,” Cell Stem Cell, vol. 4,
no. 6, pp. 525–534, 2009.
[38] J. Kajstura, M. Rota, S. R. Hall et al., “Evidence for human
lung stem cells,” The New England Journal of Medicine, vol.
364, no. 19, pp. 1795–1806, 2011.
[39] D. S. Krause, “Bone marrow-derived cells and stem cells in
lungrepair,”ProceedingsoftheAmericanThoracicSociety,vol.
5, no. 3, pp. 323–327, 2008.
[40] S. C. Abreu, M. A. Antunes, T. Maron-Gutierrez et al.,
“Eﬀects of bone marrow-derived mononuclear cells on
airway and lung parenchyma remodeling in a murine model
of chronic allergic inﬂammation,” Respiratory Physiology and
Neurobiology, vol. 175, no. 1, pp. 153–163, 2011.
[41] S.Crespin,M.Bacchetta,S.Huang,T.Dudez,L.Wiszniewski,
and M. Chanson, “Approaches to study diﬀerentiation and
repairofhumanairwayepithelialcells,”Methods in Molecular
Biology, vol. 742, pp. 173–185, 2011.
[42] Y. You, E. J. Richer, T. Huang, and S. L. Brody, “Growth and
diﬀerentiation of mouse tracheal epithelial cells: selection of
a proliferative population,” American Journal of Physiology,
vol. 283, no. 6, pp. L1315–L1321, 2002.
[43] T. Koike, M. Yasuo, T. Shimane, H. Kobayashi, T. Nikaido,
and H. Kurita, “Cultured epithelial grafting using human
amnioticmembrane:thepotentialforusinghumanamniotic
epithelialcellsasaculturedoralepitheliumsheet,”Archives of
Oral Biology, vol. 56, no. 10, pp. 1170–1176, 2011.
[44] C. Nossol, A. -K. Diesing, N. Walk et al., “Air-liquid interface
cultures enhance the oxygen supply and trigger the structural
and functional diﬀerentiation of intestinal porcine epithelial
cells (IPEC),” Histochemistry and Cell Biology, vol. 136, no. 1,
pp. 103–115, 2011.
[45] Y. Aizawa, N. Leipzig, T. Zahir, and M. Shoichet, “The
eﬀect of immobilized platelet derived growth factor AA on
neural stem/progenitor cell diﬀerentiation on cell-adhesive
hydrogels,”Biomaterials,vol.29,no.35,pp.4676–4683,2008.
[46] K. Moore, M. Macsween, and M. Shoichet, “Immobilized
concentration gradients of neurotrophic factors guide neu-
rite outgrowth of primary neurons in macroporous scaf-
folds,” Tissue Engineering, vol. 12, no. 2, pp. 267–278, 2006.
[47] M. V. Turturro and G. Papavasiliou, “Generation ofmechan-
ical and biofunctional gradients in peg diacrylate hydrogels
by perfusion-based frontal photopolymerization,” Journal of
Biomaterials Science. Ahead of Print.
[48] J. Zhu, C. Tang, K. Kottke-Marchant, and R. E. Marchant,
“Design and synthesis of biomimetic hydrogel scaﬀolds with
controlled organization of cyclic RGD peptides,” Bioconju-
gate Chemistry, vol. 20, no. 2, pp. 333–339, 2009.
[49] J. E. Leslie-Barbick, J. J. Moon, and J. L. West, “Covalently-
immobilized vascular endothelial growth factor promotesJournal of Biomedicine and Biotechnology 9
endothelial cell tubulogenesis in poly (ethylene glycol)
diacrylate hydrogels,” Journal of Biomaterials Science, vol. 20,
no. 12, pp. 1763–1779, 2009.
[50] K.SubramaniandM.A.Birch,“Fabricationofpoly(ethylene
glycol) hydrogel micropatterns with osteoinductive growth
factorsandevaluationoftheeﬀectsonosteoblastactivityand
function,” Biomedical Materials, vol. 1, no. 3, article 009, pp.
144–154, 2006.
[51] T. Re’em, O. Tsur-Gang, and S. Cohen, “The eﬀect of
immobilized RGD peptide in macroporous alginate scaﬀolds
on TGFβ1-induced chondrogenesis of human mesenchymal
stemcells,”Biomaterials,vol.31,no.26,pp.6746–6755,2010.
[52] L. M. Yu, J. H. Wosnick, and M. S. Shoichet, “Miniaturized
system of neurotrophin patterning for guided regeneration,”
Journal of Neuroscience Methods, vol. 171, no. 2, pp. 253–263,
2008.
[53] L. M. Yu, F. D. Miller, and M. S. Shoichet, “The use of
immobilized neurotrophins to support neuron survival and
guide nerve ﬁber growth in compartmentalized chambers,”
Biomaterials, vol. 31, no. 27, pp. 6987–6999, 2010.
[54] T. Pompe, K. Salchert, K. Alberti, P. Zandstra, and C. Werner,
“Immobilization of growth factors on solid supports for the
modulation of stem cell fate,” Nature Protocols,v o l .5 ,n o .6 ,
pp. 1042–1050, 2010.
[55] B. G. Ballios, M. J. Cooke, D. van der Kooy, and M. S.
S h o i c h e t ,“ Ah y d r o g e l - b a s e ds t e mc e l ld e l i v e rys y s t e mt ot r e a t
retinal degenerative diseases,” Biomaterials,v o l .3 1 ,n o .9 ,p p .
2555–2564, 2010.
[56] H. Kim, C. H. Tator, and M. S. Shoichet, “Chitosan implants
in the rat spinal cord: biocompatibility and biodegradation,”
Journal of Biomedical Materials Research A,v o l .9 7A ,n o .4 ,
pp. 395–404, 2011.
[57] B. Kinikoglu, C. Auxenfans, P. Pierrillas et al., “Reconstruc-
tion of a full-thickness collagen-based human oral mucosal
equivalent,” Biomaterials, vol. 30, no. 32, pp. 6418–6425,
2009.
[58] B. Kinikoglu, J. C. Rodr´ ıguez-Cabello, O. Damour, and V.
Hasirci, “The inﬂuence of elastin-like recombinant polymer
on the self-renewing potential of a 3D tissue equivalent
derived from human lamina propria ﬁbroblasts and oral
epithelial cells,” Biomaterials, vol. 32, no. 25, pp. 5756–5764,
2011.
[59] S. Javaherian, K. A. O’Donnell, and A. P. McGuigan, “A
fast and accessible methodology for micro-patterning cells
on standard culture substrates using paraﬁlm inserts,” PLoS
ONE, vol. 6, no. 6, Article ID e20909, 2011.
[60] A. C. Paz, S. Javaherian, and A. P. McGuigan, “Tools
for micropatterning epithelial cells into microcolonies on
transwell ﬁlter substrates,” Lab on a Chip, vol. 11, no. 20, pp.
3440–3448, 2011.
[61] Y. M. Lin, A. R. Boccaccini, J. M. Polak, A. E. Bishop,
and V. Maquet, “Biocompatibility of poly-DL-lactic acid
(PDLLA) for lung tissue engineering,” Journal of Biomaterials
Applications, vol. 21, no. 2, pp. 109–118, 2006.
[62] J. Cortiella, J. E. Nichols, K. Kojima et al., “Tissue-engineered
lung: an in vivo and in vitro comparison of polyglycolic acid
and pluronic F-127 hydrogel/somatic lung progenitor cell
constructs to support tissue growth,” Tissue Engineering, vol.
12, no. 5, pp. 1213–1225, 2006.
[63] T .P .Richardson,M.C.P eters,A.B.Ennett,andD .J .M ooney ,
“Polymeric system for dual growth factor delivery,” Nature
Biotechnology, vol. 19, no. 11, pp. 1029–1034, 2001.
[64] R. L. Carpenedo, A. M. Bratt-Leal, R. A. Marklein et
al., “Homogeneous and organized diﬀerentiation within
embryoid bodies induced by microsphere-mediated delivery
of small molecules,” Biomaterials, vol. 30, no. 13, pp. 2507–
2515, 2009.
[65] S. H. Bhang, S. W. Cho, J. M. Lim et al., “Locally delivered
growth factor enhances the angiogenic eﬃcacy of adipose-
derived stromal cells transplanted to ischemic limbs,” Stem
Cells, vol. 27, no. 8, pp. 1976–1986, 2009.
[66] E. K. F. Yim, E. M. Darling, K. Kulangara, F. Guilak,
and K. W. Leong, “Nanotopography-induced changes in
focal adhesions, cytoskeletal organization, and mechanical
properties of human mesenchymal stem cells,” Biomaterials,
vol. 31, no. 6, pp. 1299–1306, 2010.
[67] Y. Luo, J. B. Kobler, S. M. Zeitels, and R. Langer, “Eﬀects of
growth factors on extracellular matrix production by vocal
foldﬁbroblastsin3-dimensionalculture,”TissueEngineering,
vol. 12, no. 12, pp. 3365–3374, 2006.
[68] E. S. Witze, E. S. Litman, G. M. Argast, R. T. Moon, and
N. G. Ahn, “Wnt5a control of cell polarity and directional
movement by polarized redistribution of adhesion recep-
tors,” Science, vol. 320, no. 5874, pp. 365–369, 2008.
[69] R. Tarran, B. Button, M. Picher et al., “Normal and cystic
ﬁbrosis airway surface liquid homeostasis: the eﬀects of
phasic shear stress and viral infections,” Journal of Biological
Chemistry, vol. 280, no. 42, pp. 35751–35759, 2005.
[70] M. Salathe, “Regulation of mammalian ciliary beating,”
Annual Review of Physiology, vol. 69, pp. 401–422, 2007.
[71] B. Button and R. C. Boucher, “Role of mechanical stress
in regulating airway surface hydration and mucus clearance
rates,” Respiratory Physiology & Neurobiology, vol. 163, no. 1–
3, pp. 189–201, 2008.
[72] A. S. Shah, Y. Ben-Shahar, T. O. Moninger, J. N. Kline, and
M. J. Welsh, “Motile cilia of human airway epithelia are
chemosensory,” Science, vol. 325, no. 5944, pp. 1131–1134,
2009.
[73] E. R. Lazarowski and R. C. Boucher, “Purinergic receptors in
airway epithelia,” Current Opinion in Pharmacology, vol. 9,
no. 3, pp. 262–267, 2009.
[74] M. K. Klein, R. V. Haberberger, P. Hartmann et al., “Mus-
carinicreceptorsubtypesincilia-driventransportandairway
epithelial development,” The European Respiratory Journal,
vol. 33, no. 5, pp. 1113–1121, 2009.
[75] B. A. Woodworth, S. Zhang, E. Tamashiro, G. Bhargave, J.
N. Palmer, and N. A. Cohen, “Zinc increases ciliary beat
frequency in a calcium-dependent manner,” The American
JournalofRhinologyandAllergy,vol.24,no.1,pp.6–10,2010.
[76] K. R. Qin and C. Xiang, “Hysteresis modeling for calcium-
mediated ciliary beat frequency in airway epithelial cells,”
Mathematical Biosciences, vol. 229, no. 1, pp. 101–108, 2011.
[77] R. J. Pelham Jr. and Y. L. Wang, “Cell locomotion and focal
adhesions are regulated by substrate ﬂexibility,” Proceedings
of the National Academy of Sciences of the United States of
America, vol. 94, no. 25, pp. 13661–13665, 1997.
[78] A. Buxboim, K. Rajagopal, A. E. X. Brown, and D. E. Discher,
“How deeply cells feel: methods for thin gels,” Journal of
Physics Condensed Matter, vol. 22, no. 19, Article ID 194116,
2010.
[79] D.E.Discher,P.Janmey,andY.L.Wang,“Tissuecellsfeeland
respond to the stiﬀness of their substrate,” Science, vol. 310,
no. 5751, pp. 1139–1143, 2005.
[ 8 0 ]A .J .E n g l e r ,M .A .G r i ﬃn, S. Sen, C. G. B¨ onnemann,
H. L. Sweeney, and D. E. Discher, “Myotubes diﬀerentiate
optimallyonsubstrateswithtissue-likestiﬀness:pathological
implications for soft or stiﬀ microenvironments,” Journal of
Cell Biology, vol. 166, no. 6, pp. 877–887, 2004.10 Journal of Biomedicine and Biotechnology
[81] S.Sen,A.J.Engler,andD.E.Discher,“Matrixstrainsinduced
by cells: computing how far cells can feel,” Cellular and
Molecular Bioengineering, vol. 2, no. 1, pp. 39–48, 2009.
[82] J. D. Mih, A. S. Sharif, F. Liu, A. Marinkovic, M. M. Symer,
a n dD .J .T s c h u m p e r l i n ,“ Am u l t i w e l lp l a t f o r mf o rs t u d y i n g
stiﬀness-dependent cell biology,” PLoS ONE,v o l .6 ,n o .5 ,
Article ID e19929, 2011.
[83] B. Bhana, R. K. Iyer, W. L. K. Chen et al., “Inﬂuence of sub-
strate stiﬀness on the phenotype of heart cells,” Biotechnology
and Bioengineering, vol. 105, no. 6, pp. 1148–1160, 2010.
[84] Y. A. Miroshnikova, D. M. Jorgens, L. Spirio, M. Auer,
A. L. Sarang-Sieminski, and V. M. Weaver, “Engineering
strategies to recapitulate epithelial morphogenesis within
synthetic three-dimensional extracellular matrix with tun-
able mechanical properties,” Physical Biology, vol. 8, no. 2,
Article ID 026013, 2011.
[85] M. J. P. Biggs, R. G. Richards, N. Gadegaard, C. D. W.
Wilkinson, and M. J. Dalby, “The eﬀects of nanoscale
pits on primary human osteoblast adhesion formation and
cellular spreading,” Journal of Materials Science: Materials in
Medicine, vol. 18, no. 2, pp. 399–404, 2007.
[ 8 6 ]D .H .K i m ,P .K i m ,K .Y .S u h ,S .K .C h o i ,S .H .L e e ,a n d
B. Kim, “Modulation of adhesion and growth of cardiac
myocytes by surface nanotopography,” in Proceedings of the
27th Annual International Conference of the Engineering in
Medicine and Biology Society (IEEE-EMBS ’05), vol. 4, pp.
4091–4094, Shanghai, China, September 2005.
[87] A. S. G. Curtis, N. Gadegaard, M. J. Dalby, M. O. Riehle,
C. D. W. Wilkinson, and G. Aitchison, “Cells react to
nanoscale order and symmetry in their surroundings,” IEEE
Transactions on Nanobioscience, vol. 3, no. 1, pp. 61–65, 2004.
[ 8 8 ]P .C l a r k ,P .C o n n o l l y ,A .S .G .C u r t i s ,J .A .T .D o w ,a n dC .
D. W. Wilkinson, “Topographical control of cell behaviour:
II. multiple grooved substrata,” Development, vol. 108, no. 4,
pp. 635–644, 1990.
[89] C.Y.Jin,B.S.Zhu,X.F.Wang,Q.H.Lu,W.T.Chen,andX.J.
Zhou,“Nanoscalesurfacetopographyenhancescelladhesion
and gene expression of madine darby canine kidney cells,”
Journal of Materials Science: Materials in Medicine, vol. 19,
no. 5, pp. 2215–2222, 2008.
[90] A. I. Teixeira, G. A. Abrams, P. J. Bertics, C. J. Murphy,
and P. F. Nealey, “Epithelial contact guidance on well-
deﬁned micro- and nanostructured substrates,” Journal of
Cell Science, vol. 116, part 10, pp. 1881–1892, 2003.
[ 9 1 ]S .N o r i a ,F .X u ,S .M c C u e ,M .J o n e s ,A .I .G o t l i e b ,a n dB .L .
Langille, “Assembly and reorientation of stress ﬁbers drives
morphological changes to endothelial cells exposed to shear
stress,” American Journal of Pathology, vol. 164, no. 4, pp.
1211–1223, 2004.
[92] S. Sheikh, G. E. Rainger, Z. Gale, M. Rahman, and G. B.
Nash, “Exposure to ﬂuid shear stress modulates the ability of
endothelial cells to recruit neutrophils in response to tumor
necrosis factor-α: a basis for local variations in vascular
sensitivity to inﬂammation,” Blood, vol. 102, no. 8, pp. 2828–
2834, 2003.
[93] L. Cao, A. Wu, and G. A. Truskey, “Biomechanical eﬀects of
ﬂow and coculture on human aortic and cord blood-derived
endothelial cells,” Journal of Biomechanics, vol. 44, no. 11, pp.
2150–2157, 2011.
[94] S.M.KladakisandR.M.Nerem,“Endothelialcellmonolayer
formation:eﬀectofsubstrateandﬂuidshearstress,”Endothe-
lium: Journal of Endothelial Cell Research, vol. 11, no. 1, pp.
29–44, 2004.
[95] B. Imberti, D. Seliktar, R. M. Nerem, and A. Remuzzi, “The
response of endothelial cells to ﬂuid shear stress using a co-
culture model of the arterial wall,” Endothelium: Journal of
Endothelial Cell Research, vol. 9, no. 1, pp. 11–23, 2002.
[ 9 6 ]C .F .D e w e yJ r . ,S .R .B u s s o l a r i ,M .A .G i m b r o n eJ r . ,a n dP .F .
Davies, “The dynamic response of vascular endothelial cells
to ﬂuid shear stress,” Journal of Biomechanical Engineering,
vol. 103, no. 3, pp. 177–185, 1981.
[ 9 7 ]N .S a k a m o t o ,N .S a i t o ,X .H a n ,T .O h a s h i ,a n dM .S a t o ,
“Eﬀect of spatial gradient in ﬂuid shear stress on morpho-
logical changes in endothelial cells in response to ﬂow,”
Biochemical and Biophysical Research Communications, vol.
395, no. 2, pp. 264–269, 2010.
[98] B. Guirao, A. Meunier, S. Mortaud et al., “Coupling between
hydrodynamic forces and planar cell polarity orients mam-
malian motile cilia,” Nature Cell Biology, vol. 12, no. 4, pp.
341–350, 2010.
[99] D. Huh, B. D. Matthews, A. Mammoto, M. Montoya-Zavala,
H. Yuan Hsin, and D. E. Ingber, “Reconstituting organ-level
lung functions on a chip,” Science, vol. 328, no. 5986, pp.
1662–1668, 2010.
[100] T. Nakamura, T. Sato, M. Araki et al., “In situ tissue
engineering for tracheal reconstruction using a luminar
remodeling type of artiﬁcial trachea,” Journal of Thoracic and
Cardiovascular Surgery, vol. 138, no. 4, pp. 811–819, 2009.
[101] T. Sato, M. Araki, N. Nakajima, K. Omori, and T. Nakamura,
“Biodegradable polymer coating promotes the epithelization
of tissue-engineered airway prostheses,” Journal of Thoracic
and Cardiovascular Surgery, vol. 139, no. 1, pp. 26–31, 2010.
[102] H. C. Ott, B. Clippinger, C. Conrad et al., “Regeneration
andorthotopictransplantationofabioartiﬁciallung,”Nature
Medicine, vol. 16, no. 8, pp. 927–933, 2010.
[103] T. H. Petersen, E. A. Calle, L. Zhao et al., “Tissue-engineered
lungs for in vivo implantation,” Science, vol. 329, no. 5991,
pp. 538–541, 2010.
[104] E. A. Calle, T. H. Petersen, and L. E. Niklason, “Procedure for
lung engineering,” Journal of Visualized Experiments, no. 49,
2011.
[105] P.Macchiarini,P.Jungebluth,T.Goetal.,“Clinicaltransplan-
tationofatissue-engineeredairway,”TheLancet,vol.372,no.
9655, pp. 2023–2030, 2008.